The increasing complexity of modern integrated circuits and need for high-heat flux removal with low junction temperatures motivates research in a wide variety of cooling and refrigeration technologies. Two-phase liquid cooling is especially attractive due to high efficiency and low thermal resistances. While two-phase microfluidic cooling offers important benefits in required flow rate and pump size, there are substantial challenges related to flow stability and effective superheating.
INTRODUCTION
The ITRS roadmap [1] , Fig. 1 , helps predict the power dissipation and junction temperature requirements in next generation IC's. As the complexity of IC's increase, power dissipation continues to rise while the junction temperature needs to be held below 90 o C. The total thermal resistance, Eq. 1, must reduce. 
Cooling technologies such as fans (R th ~ 10-100 K/W) and heat pipes (R th ~ 1-10 K/W) [2] are reaching the limit of their cooling capacity. The future technology roadblock has spawned considerable research into alternate cooling strategies such as thermoelectric [3, 4] , micro refrigeration [5] , micro-jet [6] [7] [8] and microchannel liquid cooling. Microchannel heat exchangers using pumped liquid have many advantages: low thermal resistances due to large wetted areas and high heat transfer coefficients, small form factors and simple fabrication. Single-phase liquid cooling using microchannels [9] [10] [11] can dissipate large heat fluxes but at the cost of higher pumping power. As power budgets for cooling shrink, two-phase liquid cooling [12] [13] [14] [15] is more advantageous. Lower pumping power is required to dissipate the same heat flux due to the large enthalpy of vaporization. Microchannel systems using refrigerants or water at subambient pressures can achieve uniform junction temperatures below 90 o C. However, industry has been slow to adopt a two-phase, microchannel heat exchanger as a reliable cooling solution due to serious drawbacks. The confined geometry of the microchannels causes the vapor formed during phase change to rapidly fill and 'plug' the channels. This added friction significantly raises the pressure-drop in the channel, producing two detrimental effects: an increase in the pumping power and a rise in the saturation, and thus junction temperatures. Further problems include flow instabilities [16] [17] , as well as dry-out. Dry-out greatly lowers the local heat transfer coefficient and raises the junction temperature.
The solution to vapor entrapment, first proposed by Zhou et al. [18] , is to locally vent the vapor formed in the heat exchanging microchannels into a separate vapor-carrying channel. Venting the vapor reduces the two-phase frictional pressure drop to the order of a single-phase flow. The smaller pressure drop reduces pumping power and ensures little change in saturation conditions. To determine the performance improvement we simulated two-phase flow through a microchannel with, and without, vapor venting. The simulation was carried out on a 10 mm long microchannel with a hydraulic diameter of 100 µm and uniform heat dissipation of 100 W/cm 2 . Flow rate was set at 0. The simulation uses a 1-D forward discretization scheme with geometry, inlet pressure, inlet temperature, flow rate and power dissipation profile specified. At the inlet, the liquid is single phase and we use a single-phase pressure drop and heat transfer model with friction factor and Nusselt number appropriate for rectangular channels. As energy is added along the channel, the liquid temperature rises until it reaches the saturation point for the given local pressure. At this point the simulation switches to the Lockhart & Martinelli two-phase separated flow pressure drop model with laminar liquid and laminar vapor flow and the Lazarack & Black heat transfer model. The simulation continues till the end of the channel, with local vapor quality determined using an enthalpic balance and a Matlab based steam table [19] . All fluid properties are re-calculated for each cell based on the local temperature and pressure. In the case of complete venting, the vapor is removed as it is formed in each cell, and the total enthalpy and mass flow rate adjusted to satisfy conservation of mass and energy. For this simulation, we neglected solid conduction and environmental losses.
Experimentally, previous work has demonstrated gas separation from liquids, both actively [20] and passively [21] , in micro-devices. Designed for biological, chemical and fuel cell applications, these devices and are not optimized for use as heat exchangers. Therefore, we designed and fabricated a vapor-venting device specifically for use as a heat exchanger.
DEVICE DESIGN AND FABRICATION
Based on overall dimensional, temperature and heat flux requirements, we proposed the silicon heat exchanger shown in Figure 3 . A hydrophobic porous membrane ensures only vapor can vent into the vapor channels while liquid does not leak through. The first generation device design includes integrated resistive heaters to simulate an IC producing 200 W/cm 2 of heat flux and resistive temperature sensors, accurate to 1 o C, to study junction temperatures and heat transfer coefficients. The following sections discuss the details of the design that led to this structure and the subsequent fabrication process.
DESIGN
Early in the design process, we generated several alternate designs incorporating different material combinations, which we then weighed using a Quality Function Deployment (QFD) analysis. Lamers et al. discuss this analysis in detail [22] . The QFD analysis suggests the development of a copper-polymer heat exchanger for commercial applications and a siliconpolymer heat exchanger for research applications due to easier metrology and greater design flexibility.
Once we had chosen the materials, we could then design the specific components such as channels, heaters and sensors. In heat exchanger channel design, the two key goals are minimizing the thermal resistance, Eq. 1, and maximizing the power ratio, Eq. 2.
Power Pump
Assuming the vapor phase vents away, we can simplify the design analysis by using single-phase pressure drop and heattransfer correlations for laminar, thermally fully developed flow. This leads to the following dependencies for thermal resistance, Eq. 3, and power ratio, Eq. 4:
Liquid inlet 
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Front-side liquid channels are then patterned (Mask 3) and dry-etched followed by backside pattern (Mask 4) and dry-etch to create ports and release device E)
2.5 µm of SU-8 is then contact printed on front-side using a SU-8 coated transfer wafer F)
Membrane is attached and the SU-8 UV exposed and hard cured at 150 o C G) Double sticky mylar sheet is laser ablated to form vapor channels and attached to top of membrane followed by a glass slide to cap the device. 
FABRICATION
We generated a four-mask process to fabricate our device. Figure 4 describes the fabrication scheme. Figure 5 shows both sides of a 200 µm wide serpentine channel device after step D in Fig. 4 was completed. The central, operational region of the device has an area of 0.75 cm 2 . The central region consists of four heaters and sixteen distributed temperature sensors on the back and micro-channels on the front. The extensions on either side of the center are for fluidic interfacing. The thermal isolation trench is necessary to localize the heat in the central region and minimize conduction losses to the extensions.
After the last step in Fig. 4 is complete, surfboards are attached and the device wire-bonded, resulting in the final product shown in Fig. 6 . The current yield of devices was poor due to equipment issues and fabrication difficulties in steps D and E in Fig. 4 . We expect the yield to improve in future runs.
EXPERIMENTAL ISOTHERMAL AIR-WATER TEST
The heat exchanger was first tested using an isothermal, air-water flow to prove venting does occur and to quantify the venting efficiency of the device. Using an air-water mixture separates out any thermal interactions in the venting behavior and simplifies the measurement of venting efficiency. Venting efficiency is defined as the ratio of mass of air vented to the mass of air input to the device. Using the setup in Fig. 7 , we measured the venting efficiency of a 400 µm wide (D h = 250 µm), parallel-channel device with a PTFE membrane.
Surfboards
Glass slide PTFE Membrane Surfboards Glass slide PTFE Membrane First, we pumped DI water at 0.5 ml/min through the device. Once steady state conditions were obtained, we switched on the syringe-pump and pumped air at 1 ml/min. This results in the formation of intermittent slugs of air and water downstream of the mixing junction. Once steady state conditions were established for the mixed flow, we collected data from the pressure sensor and the four IR slot sensors. At the completion of data collection, we switched off the airflow and pumped only DI water through the device to remove any remaining air bubbles in the junction, tubing and device. We then repeated the process for the next set of water and air flowrates. We calculate the air volumes by measuring the interface velocities and void fraction of air over a given period using the two pairs of IR slot sensors. We can then calculate the air mass using the ideal gas law with room temperature properties. A summary of the results is provided in Table 1 . Under all flow conditions we tested, almost all the air vents through the membrane. Measurement of inlet air mass at air flow-rates of 2 ml/min is difficult using the current setup. When an air-slug vents in the device, the flow resistance in the fluidic circuit drops, causing a sudden acceleration in the flow. The calculations overestimate the mass of air entering the device because the higher velocity is not constant over a single air-slug and the venting non-periodic due to the differing sizes of the air slugs. Downstream measurements are accurate as the flow is unaffected by the upstream venting and flow rate is constant. Using visual estimates of the average size of an air slug when pumped at 2 ml/min, we calculated a very conservative estimate of air mass venting efficiency of 95%. Venting isn't perfect at the higher air flow-rate of 2 ml/min because the higher flow velocity during venting results in insufficient time for the larger air slug to completely vent.
In summary, even with a very conservative estimate of venting efficiency at the higher air flow-rates the message is clear -the heat exchanger has the capacity to vent a large fraction of air in an air-water mixture.
THERMAL, PHASE-CHANGE TEST
Having verified the ability to vent air out of an air-water mixture still left the open question of whether the device can vent under operating conditions. To test this, we attached the same 400 µm wide parallel channel device tested above to the setup shown in Fig. 8 . We connected the two downstream heaters on the device to 0-25 V DC power supplies and the sensors to the PC-based DAQ board via a signal-conditioning box. We also attached the 0-5 psig, Omega pressure sensor to the DAQ board for simultaneous measurements. We pumped house air at 5 psi (34 kPa) through the vapor side of the device to facilitate removal of condensed and leaked water. Liquid water can block the vapor channel and reduce venting. Microscope 5 psi, pressurized air inlet
Fig. 8: Setup used to carry out thermal test with phase change in device
We pumped DI Water at 0.5 ml/min through the device for a few minutes until steady state conditions were established. We then slowly raised the power input to both heaters in equal steps, starting at 0 V. At each step rise, we allowed the device to operate for a few minutes to ensure steady state behavior before collecting data from the temperature and pressure sensors. We continued ramping the power until boiling occurred. Venting in the membrane along with vapor flow in the vapor-side outlet tubing indicated the onset of boiling. We raised the power a minimum of 30% beyond this point to obtain higher quality flows and to gather data beyond the onset of boiling. We then switched off the power and continued pumping water to cool the device back to room temperatures, before repeating the experiment at another flow rate.
The experimental and simulated results for two water flow rates, 0.5 ml/min and 3 ml/min is shown in Fig. 9 . Power input is non-dimensionalised with the theoretical power required to boil water, calculated as ρQ flow C p ∆T with a ∆T of 80 o C. Pressure drop is non-dimensionalised with the pressure drop for single-phase flow with no heating. The maximum total power output by the heaters is 4.5 W and 21.5 W for the 0.5 ml/min and 3 ml/min case respectively. The plot clearly shows a much lower pressure drop in the channel than expected from simulations.
In summary, preliminary data collected from a 400 µm wide, parallel-channel device shows improved pressure-drop trends. We will quantify this improvement once a statistically significant amount of data is collected. Temperature data has not been included here due to poor performance of the temperature sensors. We believe the problem stems from processing and wire-bonding issues. We will investigate these issues in detail before the next round of fabrication. 
LEAKAGE
Leakage through the PTFE membrane, as seen in Fig. 10 , increases with power input to the heaters until the membrane temperature is high enough to boil the wicked water away. This leakage necessitates the use of pumped air to remove the water droplets forming on the vapor side. Pumping air is an impractical final solution, as the ultimate goal is to operate the heat exchanger in a closed loop with a single pump. Wicking also complicates device modeling, which must now include phase change and two-phase flow within the membrane.
To understand this leakage we consider the expression for leakage pressure through a pore [21] , obtained from the Young-Laplace equation, and given as: ii) Reduction of θ adv,max on PTFE due to surface or water contamination. Previous work documents the loss of hydrophobicity in PTFE [23] and Nylon [24] when immersed in saline solutions at various temperatures. iii) Defects in the membrane as well as the natural distribution of pore sizes in a mesh structure such as PTFE results in some fraction of pore-diameters larger than 0.22 µm.
We believe that leakage occurs due to some convolution of these three non-idealities. Only a small fraction of the membrane area need be non-ideal to cause leakage. In Fig.  10 .A, wetting initially occurs in distinct, darker, patches, over which larger droplets form as leakage increases as seen in Fig.  10 .B.
Using higher quality membranes with smaller pore size distribution and smaller pores can reduce leakage. Examples include PTFE membranes with smaller pores, porous glass and porous silicon. This solution requires design optimization, as the smaller pores reduce venting efficiency due to higher pressure-drop across the membrane. Porous glass and silicon have the added disadvantage of requiring low-energy coatings to ensure hydrophobicity. Using pure, filtered DI water is also important along with taking greater care to not contaminate or damage the membrane before device integration.
OPTICAL ACCESS
In the current design, the PTFE membrane is opaque, limiting the ability to study the flow regimes and venting mechanism in the liquid channels. This lack of information hinders both development of an appropriate two-phase model and optimization of liquid channel geometry to maximize venting efficiency.
Using a quartz substrate, instead of silicon, allows optical access to the liquid channels through the backside of the device. Similarly, optical access from the front is possible using membranes such as porous polycarbonate and porous glass. The fabrication of a quartz structure for the liquid channels is straightforward, but channel geometries are limited by isotropic etching. The low thermal conductivity of quartz would also make high heat flux studies challenging. Porous polycarbonate and glass require surface treatments to be hydrophobic and have only limited optical transparency.
FUTURE WORK
The first priority is to perfect the current fabrication process to maximize the yield and obtain devices with fully functional temperature sensors. Given a large number of fully functional devices, we can then carry out a detailed, statistically significant, fluid and thermal study. The study would quantify the performance improvement, provide a better understanding of the role of channel geometry and assist in the development of a two-phase, 2D, model of the flow in the device. We also expect the study to assist in the development of the next generation device that incorporates some of the proposed solutions to leaking and lack of optical access. Figure 11 , illustrates one such example of a potential next generation device. Unlike the current stacked layer design, this structure provides excellent optical access to all parts of the structure. The design also allows fabrication of advanced porous structures such as CNT forests, ZnO nanotube forests and porous silicon within the device. CNT and ZnO nanostructures possess superhydrophobicity [25] [26] [27] [28] with contact angles in excess of 140 o , though CNT nanostructures require additional surface treatment for stable superhydrophobicity [27] . Nanotube forests can have various pore sizes, i.e. distance between adjacent nanotubes, based on growth conditions. Advantages of this design include: i) low leakage with the help of superhydrophobic nm-pore membranes, ii) ability to engineer membranes to specifications and iii) excellent optical access that would assist in detailed studies of venting. However, this design is not suitable for commercial development due to cost of membrane fabrication and loss of heat transfer area.
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Porous membrane Glass cover Motivated by patent work, simulations and previous work in gas venting, we designed and fabricated a vapor venting, microchannel heat exchanger. Vapor venting occurs through a porous, hydrophobic, membrane sandwiched between the liquid-carrying and vapor-carrying channels. Venting the vapor helps mitigate some of the problems associated with vapor entrapment in the microchannels.
We carried out a proof-of-concept experiment on a 400 µm wide, parallel-channel device, using an air-water mixture under isothermal conditions. The air mass venting efficiency exceeded 95% for airflow rates of 2 ml/min and 100% for lower airflow rates. Venting efficiency drops at the higher air flow-rate due to high velocities coupled with large air slugs that result in incomplete venting. We also ran thermal, phasechange tests at flow rates of 0.5 ml/min and 3 ml/min and the results show a much lower pressure drop compared to flow simulations of a non-venting device under similar operating conditions.
Challenges in the current design include liquid leakage through the membrane and lack of optical access to the liquid channels. To reduce leakage, membranes with smaller pore sizes and tighter pore size distributions must be used. Examples include PTFE with smaller pore sizes, porous glass and porous silicon. Care must be taken to use pure filtered DI water and not contaminate or damage the membranes is any manner during integration into the device. Optical access is achieved by fabricating the liquid channels on a quartz substrate instead of silicon or by using semi-transparent membranes such as polycarbonate or porous glass.
Finally, we proposed a next generation device design where the microchannels and membrane are side-by-side instead of stacked. This design provides the best optical access, low leakage, and flexibility to engineer membrane characteristics. Potential membrane materials include porous silicon and superhydrophobic CNT or ZnO nanotube forests.
In conclusion, this preliminary study proves that vapor venting in heat exchangers is both possible and provides measurable benefits. This success motivates the overall goal of this project: to develop a reliable, closed-loop, two-phase heat exchanger for use in cooling of next generation, high heat-flux generating electronics. Nanotechnology Infrastructure Network, and supported by the National Science Foundation under Grant ECS-9731293.
